the DNA mismatch repair machinery.
the DNA mismatch repair machinery. The LN40-ADPnP complex was purified over a Sephadex-200 size exclusion column after incubating pure methods (Ban and Yang, 1998a). LN40 undergoes a transition from monomer to dimer upon binding a nonhydro-LN40 with ADPnP. The LN40-ADPnP complex forms a dimer with a molecular weight of ‫08ف‬ kDa as judged lyzable ATP analog, ADPnP. The intact MutL protein, which is already dimerized via the C-terminal region, from size exclusion chromatography and equilibrium ultracentrifugation. Crystals were readily grown from the transforms from having an exceedingly large to a smaller Stoke's radius upon binding of ADPnP.
purified LN40-ADPnP complex and diffracted X-rays beyond 1.9 Å , unlike crystals of the apoprotein LN40, which A similar monomer-to-dimer transition induced by nucleotide has also been demonstrated in the topoisomerwere difficult to grow and diffracted weakly to 2.9 Å . The crystal of the nucleotide-LN40 complex belongs to ase II family (Wigley et al., 1991; Roca and Wang, 1992) . Although several structures of GHL family members space group I222 with one molecule per asymmetric unit (Table 1) . Crystal packing of the LN40-ADPnP comhave been determined, a corresponding pair of nucleotide-free and nucleotide-bound structures has not been plex was solved by molecular replacement using the structure of LN40 as a search model (see Experimental reported. The first structure reported for the GHL superfamily was that of the NgyrB-ADPnP complex (Wigley Procedures) . The dimer of the LN40-ADPnP complex is generated by a crystallographic two-fold symmetry axis. et al., 1991), but no structural information is available for the nucleotide-free form of NgyrB. Structures of both
The structure was refined using CNS (Brü nger et al., 1998). The final model, containing one ADPnP molecule, nucleotide-bound and free forms of a fragment of Hsp90 have been determined, but the crystallized fragment a Mg 2ϩ ion, and residues 1-331 of MutL, is refined to an R value of 21.3% and R free of 26.1% (Table 1 and Figure 1) . lacks the ␥-phosphate-binding region and is inactive as an ATPase (Prodromou et al., 1997) . Therefore, a dePure LN40 was also incubated with ATP and purified over a Sephadex-200 column, where it behaved like tailed comparison of these two states has not been possible. It is intriguing whether MutL has a similar dia monomer and eluted at the same time point as the nucleotide-free protein (data not shown). This nucleomeric structure when bound to ADPnP as observed in NgyrB and whether there is a common theme for this tide-protein complex did, however, show a distinct increase of absorption at 260 nm, indicating the presence new ATPase superfamily in their mode of ATP utilization.
We report here (1) the crystal structures of LN40 comof a bound nucleotide. Crystals were grown from this purified ATP-LN40 complex at room temperature over plexed with ADP·Mg 2ϩ and with ADPnP·Mg 2ϩ at 2.1 and 1.9 Å , respectively, (2) analyses of the structural transfora period of 2 weeks and proved isomorphous to those of ADPnP-LN40 (Table 1 ). The crystal structure of this mation induced by nucleotide binding and hydrolysis, nucleotide-protein complex contained minor modificastructure seems to result from the high protein concentration. Studies in solution have since detected a protein tions relative to that of the ADPnP-LN40 complex and was refined to R of 23.1% and R free of 25.2% at 2.1 Å concentration-dependent ATPase activity of LN40 (Figure 2c) . The ATPase activity of LN40 with a k cat of ‫50.0ف‬ resolution. Interestingly, the final refined structure contains LN40 and ADP, but not ATP (Figures 2a and 2b) . min Ϫ1 is nearly 10-fold lower than that of the intact MutL ( Figure 2c) ; nevertheless, it demonstrates that LN40 conWater molecules occupy the site vacated by the ␥-phosphate. No ATP or free phosphate was detected in the tains all the necessary elements for catalysis. The intact MutL used in the ATPase activity assay crystal even when additional free ATP was added to the initial crystallization droplets.
contains an additional 20 residues at its N terminus, including six histidines for easy purification. To determine whether the N-terminal His tag influences the MutL ATP Hydrolysis by LN40 ATP is evidently hydrolyzed by LN40, and the hydrolysis ATPase activity, a MutL construct with an authentic N terminus and a C-terminal His tag was made, and the probably occurred at every step from incubation of protein with nucleotide to crystallization. This finding was protein was purified. The ATPase activity was found to be similar despite removal of the N-terminal His tag surprising because, while the intact MutL has been shown to be an ATPase, LN40 previously showed no (Table 2) the segments that were disordered in the apoprotein structure (Figures 3c and 3d) . The N-terminal 20 residues, which constitute the first disordered loop (L1) in the LN40 structure, form a short ␤ strand (␤1Ј) and three turns of ␣ helix (␣AЈ) (Figure 1 
LN40-ADP Complexes
The LN40-ADP complex is a monomer in solution (Ban The LN40-ADPnP structure provides a complete trace and Yang, 1998a). Interestingly, its crystal structure is of LN40 including the five loops, L1, L2, L3, L45, and dimeric and quite similar to that of LN40-ADPnP. Close the ATP lid, that were disordered in the LN40 structure examination of the structural difference between the (Figures 3a and 3b ). The addition of over 60 residues two complexes reveals possible "triggers," which may account for dissociation of the LN40-ADP crystal dimer gives the LN40 structure a new overall shape, which no longer resembles an elbow (Figures 3a and 3b) . The in solution. The L3 loop, which is anchored to the ␥-phosphate of ADPnP by the conserved Lys-307, is protein retains the same two structural domains as in the LN40 structure (Figure 3a 
, 1998). donate hydrogen bonds to the carbonyl oxygens of the
Therefore, Glu-29 is concluded to serve as a general L1 loop, thus interlacing the L1, L2, and L3 loops bebase for ATP hydrolysis. Lys-307 probably orients the tween the two subunits (Figure 3d) . Glu-18, Arg-95, Argnucleophile. The E29A MutL mutant also has a much 157, and Asn-302 are absolutely conserved in the MutL lower affinity for ATP (Table 2) , probably due to the role family.
of Glu-29 in Mg 2ϩ coordination by hydrogen bonding to The L2 and L45 loops are on the periphery of the a ligand water molecule ( Figure 5 ). dimer interface. L2 interacts with the L1 loop within the Lys-307, in addition to interacting with the nucleosame subunit and makes a number of intersubunit van philic water molecule, interacts directly with the ␥-phosder Waals contacts to the L3 loop and ATP lid (Figphate and stabilizes the L3 loop and thus the dimer ure 3d). L45 interacts with the L1 loop of the same subinterface (Figures 2a, 3, and 5) . Mutation of an equivalent unit through a main chain hydrogen bond and several lysine residue in NgyrB (K337Q) abolished ATPase activvan der Waals contacts. Two L45 loops juxtaposed from ity without reducing ATP binding; thus, Lys-337 has both subunits on top of the LN40-ADPnP complex crebeen proposed to stabilize the transition state in DNA ate a new exposed area in the LN40-ADPnP dimer (Figure 3c) . The L2 and L45 loops have no direct contacts gyrase during ATP hydrolysis (Smith and Maxwell, 1998). 
By analogy, one would expect Lys-307 to be indispensaccumulated protein-nucleotide complexes are with ADP, no product inhibition is detected (see Experimental able for both ATP binding and hydrolysis by MutL. Interestingly, when Lys-307 is mutated to Ala, MutL shows Procedures). Results from size exclusion chromatography indicate that the nucleotide-associated MutL at the reduced but not abolished ATP binding and hydrolysis (Table 2). The role of Lys-307 may be merely to provide steady state is dissociated in the N-terminal region. Even when 1 mM ATP is included in the gel

activity and associated structural transformations have
Mutants of MutL
